Abstract. The finite-difference time-domain (FDTD) method provides a flexible approach to studying the scattering that arises from arbitrarily inhomogeneous structures. We implemented a threedimensional FDTD program code to model light scattering from biological cells. The perfectly matched layer (PML) boundary condition has been used to terminate the FDTD computational grid. We investigated differences in angle-dependent scattering properties of normal and dysplastic cervical cells. Specifically, the scattering patterns and phase functions have been computed for normal and dysplastic cervical cells at three different epithelial depths, namely, basal/parabasal, intermediate, and superficial. Construction of cervical cells within the FDTD computational grid is based on morphological and chromatin texture features obtained from quantitative histopathology. The results show that angle-dependent scattering characteristics are different not only for normal and dysplastic cells but also for cells at different epithelial depths. The calculated scattering cross-sections are significantly greater for dysplastic cells. The scattering cross-sections of cells at different depths indicate that scattering decreases in going from the superficial layer to the intermediate layer, but then increases in the basal/parabasal layer. This trend for epithelial cell scattering has also been observed in confocal images of ex vivo cervical tissue.
Introduction
Optical diagnostic techniques based on detection of reflected light have the potential to improve noninvasive detection of changes associated with dysplasia. These techniques include confocal microscopy, optical coherence tomography ͑OCT͒, and other scattering-based spectroscopic approaches. It has been demonstrated that confocal microscopy and OCT can differentiate between normal and dysplastic epithelium in many different organ sites, including the skin, 1,2 esophagus, 3 intestine, 4 and cervix. 5, 6 Light scattering spectroscopy ͑LSS͒ and polarized reflectance spectroscopy are sensitive to cellular and nuclear morphology and are emerging as promising tools for the detection of preinvasive cancer. [7] [8] [9] [10] [11] Changes in the nuclei of the epithelial cells are the most important indicators of dysplasia. These changes include increased nuclear size, asymmetric nuclear shape, increased DNA content, and hyperchromasia with coarse and irregular chromatin clumping. 12, 13 To illustrate nuclear changes associated with dysplasia, Figure 1 shows two different cervical biopsy images, one classified as a normal epithelium ͓Fig.
1͑a͔͒ and the other as a highly dysplastic epithelium ͓Fig. 1͑b͔͒. The figure shows that the density of nuclei is greater in the case of dysplasia, where large pleomorphic nuclei occupy the whole epithelium. The superficial, intermediate, and basal/ parabasal layers describing different regions of the epithelium are also indicated in the figure. Note that for both the normal and the dysplastic epithelium, each epithelial depth displays different characteristics, with the superficial nuclei being smaller and more condensed and the basal nuclei larger and rounder.
Pathologists have traditionally used atypical nuclear features in the epithelium as one of the major diagnostic criteria for dysplasia. DNA ploidy has also been suggested to be a significant prognostic factor for assessing disease status and predicting treatment outcomes. 14 -16 The optical diagnostic techniques described above have the potential to be used for determining the structure of epithelial cells without the need for a biopsy. They can noninvasively provide quantitative information about nuclear features that can be used for early clinical diagnosis of preinvasive cancerous changes.
The extraction of quantitative morphological information from signals obtained in LSS or polarized reflectance spectroscopy has so far been achieved using models based on Mie theory for homogeneous spherical scatterers. [7] [8] [9] [10] Although these studies have yielded promising results using theoretical formalism based on Mie scattering, which approximates the cells and their nuclei as homogeneous spherical objects, there is currently no experimental evidence for the validity of using Mie theory to model light scattering from cells. Biological cells are complex inhomogeneous structures that cannot be adequately described as simple Mie scatterers. Their nuclear features and organelles are likely to contribute to scattering from cells. In fact, cellular scattering measurements demonstrate that the scatterer sizes in biological cells range from 0.4 to 2.0 m. 17 These sizes indicate that scattering arises not only from nuclei but also from structures within the nuclei and possibly from cytoplasmic organelles. Therefore, establishing a better understanding of light scattering at the cellular level requires more detailed modeling that can incorporate complicated morphology and the internal structure characteristic of cells.
The finite-difference time-domain ͑FDTD͒ method has recently provided a flexible approach to studying the scattering that arises from inhomogeneous cells of arbitrary shape. 18, 19 This method provides a full-vector, three-dimensional solution of Maxwell's equations, and it allows complex objects of any dielectric structure to be modeled and the scattering phase functions to be computed. FDTD modeling has offered important insights into the relationship between cellular morphology and light scattering. The results show that for amelanotic epithelial cells, which have a low volume fraction of mitochondria, inhomogeneities in the nucleus play an important role in determining high-angle scattering characteristics, while the nuclear size is important in forward scattering. 20 The FDTD method has also been used to investigate how the light-scattering properties of cervical cells are affected by the changes in nuclear morphology, DNA content, and chromatin texture that occur during neoplastic progression. 21 The results indicate that cellular scattering properties are sensitive to the DNA content of nuclei and chromatin texture in addition to nuclear size.
A significant drawback of the FDTD implementation employed in previous work is the presence of artificial reflections caused by the boundary conditions used to truncate the computational domain around the scattering structure. These artificial reflections resulting from the instability of the boundary conditions limit the accuracy of results, mainly for scattering angles close to 180 deg, where the scattered intensity is orders of magnitude smaller than the intensity of forward-scattered light and is thus more sensitive to numerical artifacts. Artificial reflections are evident in the results presented previously, 18, 19, 22, 23 and this generally leads to overprediction of high-angle scattering.
This drawback is a crucial disadvantage since most of the optical diagnostic techniques under development mainly depend on the measurement of backscattered light. An understanding of the high-angle scattering properties of biological cells is essential in interpreting images obtained with confocal microscopy and OCT. Extraction of morphological information using the spectroscopic techniques described earlier also necessitates a quantitative understanding of high-angle scattering. Moreover, differences in the scattering properties of dysplastic cells relative to normal cells are expected to be enhanced for backscattering geometries since most of the changes associated with dysplasia potentially modulate highangle scattering. For example, high-angle scattering has been shown to be sensitive to DNA content. 16 A possible method for overcoming the problem of artificial reflections within the framework of FDTD modeling is to use the perfectly matched layer ͑PML͒ boundary condition to truncate the computational domain. The PML boundary condition creates a fictitious absorbing layer adjacent to the computational domain. Plane waves of arbitrary incidence, polarization, and frequency are matched at the PML boundary; thus artificial reflections are suppressed. 24, 25 This boundary condition can increase the dynamic range of FDTD modeling to greater than 80 dB, 24 and it can be used to minimize artificial reflections sufficiently to enable the study of high-angle scattering.
In this paper we present a new implementation of the FDTD algorithm that uses the perfectly matched layer boundary condition. The implemented code has been used to model scattering from normal and dysplastic cervical cells at three different epithelial depths, namely, basal/parabasal, intermediate, and superficial. The construction of realistic cell geometries is a crucial part of modeling. In this work, we use morphological features and chromatin texture information obtained from quantitative histopathology to create realistic cell models within the FDTD grid. 
Methods

Finite-Difference Time-Domain Method
The FDTD method, initially developed by Yee, is one of the most popular numerical methods for the solution of problems in electromagnetics. For a detailed description of the theory and implementation of the FDTD method, the reader is referred to books by Taflove. 24, 25 Briefly, a scattering object is constructed in an FDTD grid by specifying the dielectric properties of each grid cell belonging to the object. The Yee algorithm 24 -26 is then used to calculate the scattered electric and magnetic fields around the scattering object. This algorithm takes Maxwell's curl equations and discretizes them in space and time, resulting in a set of six explicit finitedifference equations, one for each electric or magnetic field component. The finite-difference equations produce the timedomain near-field scattered electric and magnetic field components. To compute the far-field values, the time-domain tangential field components on a surface S enclosing the scattering object are first converted to frequency-domain values using discrete Fourier transform ͑DFT͒. The next step is to define equivalent electric and magnetic surface current densities on S using Huygen's equivalence principle. Once the spatial Fourier transforms of these current densities are obtained via surface integration over S, the electric and magnetic far-field components can be calculated. 24 The scattering patterns and the scattering cross-section values can then be computed using the far-field values. 27, 28 To simulate propagation in an unbounded medium, special boundary conditions must be applied to prevent artificial reflections at the edges of the computational domain. Many absorbing boundary conditions ͑ABCs͒ have been developed since the introduction of the FDTD method. Differentialequation-based ABCs allow a solution that permits only outgoing waves and include those formulated by Engquist and Majda, Mur, and Liao. 25 The boundary condition proposed by Berenger in 1994, 29 called the perfectly matched layer boundary condition, suppresses artificial reflections by creating a fictitious absorbing layer around the computational domain. The PML boundary condition demonstrates better performance in minimizing artificial reflections and thus provides a greater dynamic range than other ABCs. 24, 25, 30 It is currently considered to be one of the most efficient boundary conditions and it has been selected for the simulations described in this paper. An extensive description of the theoretical formulation and implementation of the PML boundary condition can be found in books by Taflove 24, 25 and papers by Berenger.
29,31-33
The FDTD code used for the simulations presented hereafter has been implemented in C/Cϩϩ. The details concerning the simulation parameters and the method by which the PML has been set up around the scattering structure can be found in a recent work. 34 All simulations were performed on a 1.4-GHz personal computer with 2 Gb of RAM. The approximate time required for each simulation was 3 to 4 h.
Quantitative Histopathology
To use FDTD modeling to study the scattering characteristics of normal and dysplastic cells, the nuclear changes associated with dysplasia must first be quantified. This can be achieved by analyzing quantitative images of Feulgen-thionin-stained cervical cell nuclei. The Feulgen-thionin stain is stoichiometric for DNA, 13, 35 therefore these images provide information about nuclear morphology, DNA content, and chromatin organization, and highlight the differences between normal and dysplastic cervical cell nuclei.
The quantitative images used in this paper were provided by the British Columbia Cancer Agency ͑Vancouver, Canada͒. The clinical study was conducted at the University of Texas M. D. Anderson Cancer Center in Houston. Each patient involved in the study underwent colposcopy. Four adjacent tissue sections were sliced from each biopsy taken during the colposcopic examination. Three of the tissue sections were stained with hematoxylin and eosin ͑H&E͒ and used for clinical diagnosis. A group of pathologists classified the sections as either normal, human papilloma virus ͑HPV͒, or cervical intraepithelial neoplasia ͑CIN͒. The CIN sections were further subclassified as CIN 1 ͑mild dysplasia͒, CIN 2 ͑moderate dysplasia͒, or CIN 3 ͑severe dysplasia or squamous carcinoma in situ͒. The remaining fourth tissue section was stained with Feulgen-thionin and used for quantitative histopathologic analysis at the British Columbia Cancer Agency. A pathologist mapped the diagnostic area on the Feulgen-thionin-stained tissue section, indicating the region containing the cells with the worst diagnosis. An in-house semiautomatic image analysis system ͑Department of Cancer Imaging, British Columbia Cancer Agency͒ was then used to acquire an image of the section. A special image analysis software automatically carried out the process of nuclear segmentation and the calculation of nuclear feature statistics. All the nuclei imaged were also categorized into four different epithelial depths, namely, basal, parabasal, intermediate, and superficial. This classification was based on the location of a specific nucleus relative to the entire thickness of the epithelium and also on the cell examination.
In this paper we only consider normal and CIN 3 nuclei. The quantitative histopathologic analysis included five normal biopsies taken from four different patients, and sixteen CIN 3 biopsies taken from sixteen different patients. The total number of normal nuclei imaged was 562, and the total number of CIN 3 nuclei imaged was 1069. For the calculation of nuclear feature statistics, we combined nuclei from basal and parabasal layers in a single category, since it was usually very difficult to distinguish between the two, especially in the case of severe dysplasia. Figure 2 shows a subset of the nuclear images provided. Each pixel corresponds to an area of 0.34 mϫ0.34 m. The figure shows the differences between nuclei in different layers and demonstrates most of the features characteristic of CIN 3. It is important to consider nuclei in different layers separately since there are differences in their size and chromatin structure. Normal basal/parabasal and intermediate cell nuclei are usually large, with distinct chromatin network, while superficial cell nuclei are small and pyknotic. 36 This is also evident in Fig. 2 , where the nucleus in Fig. 2͑c͒ is smaller than the nuclei in Figs. 2͑a͒ and 2͑b͒, and the image appears darker, indicating a denser internal composition.
As Fig. 2 demonstrates, CIN 3 nuclei are significantly larger than normal nuclei. Normal nuclei appear rounder, whereas CIN 3 nuclei are asymmetric and appear darker. The relative changes in intensity are attributed to the differences in DNA content; regions with higher DNA content appear darker on images. The nuclei in Figs. 2͑d͒ to 2͑f͒ also show coarse chromatin clumping and condensation, while the nuclei in Figs. 2͑a͒ to 2͑c͒ have a more homogeneous chromatin distribution.
The nuclear feature statistics that will be used in FDTD modeling can be divided into two different groups. The first group is related to nuclear morphology and includes information about nuclear size and shape. The second group provides statistics about DNA content, chromatin organization, and chromatin texture that collectively describe the dielectric properties of the nuclei.
Nuclear morphology statistics
The features that are used to describe nuclear morphology include nuclear area, mean radius, maximum radius, and eccentricity. Nuclear morphology features for each nucleus have been calculated by the in-house image analysis system.
DNA content and chromatin texture statistics
Feulgen-thionin is stoichiometric for DNA. Therefore, the DNA content, and thus the average refractive index of a nucleus, can be assumed to be directly related to the average pixel intensity in an image. Chromatin texture can be described in terms of the magnitude of refractive index fluctuations that correspond to the variations in pixel intensity, and the spatial frequency of refractive index fluctuations that corresponds to the size of chromatin clumps present.
The DNA content and chromatin texture statistics have been calculated by analyzing a subset of nuclear images provided. The total number of nuclei analyzed in each diagnostic category was sixty. To extrapolate the average pixel intensity in an image to the mean refractive index n, a conversion factor was required. As a starting point, it was first assumed that the mean refractive index of a normal nucleus was 1.39, [37] [38] [39] and that of a CIN 3 nucleus was 1.42, 8, 10, 20, 21, 23 independent of the layer. This assumption provided a scale factor to find a relation between a change in pixel intensity and the corresponding change in the absolute refractive index. The natural logarithm of the pixel intensity averaged over all the normal nuclei images was assumed to be proportional to 1.39, and the natural logarithm of the pixel intensity averaged over all the CIN 3 nuclei images was assumed to be proportional to 1.42. Then, by calculating the average pixel intensity for nuclei in different layers, a unique refractive index value was assigned to nuclei in each layer. The magnitude of refractive index fluctuations, ⌬n, was calculated by observing the intensity variations over images.
To find the size of the largest chromatin clumps, and thus the minimum spatial frequency of refractive index fluctuations characterizing each nucleus, a two-dimensional fast Fourier transform ͑FFT͒ was performed on each image and the resulting spatial frequency components dominating the spectrum were analyzed.
Cell Construction in FDTD Modeling
Cervical epithelial cells have a low fraction of mitochondria, and the main contribution to cellular scattering comes from the nucleus. 5, 6, 40 Therefore, the FDTD simulations described will model the cervical cells as heterogeneous nuclei embedded in homogeneous cytoplasm. This approach also has the advantage of isolating the effects of nuclear morphology and chromatin organization on light scattering.
The results from quantitative histopathology provided all the parameters related to nuclear morphology and dielectric properties necessary to construct a heterogeneous nucleus in an FDTD grid. First, an ellipsoid nucleus was created and every point inside the ellipsoid was assigned a constant refractive index value. The dimensions were based on the mean radius, maximum radius, and the eccentricity. To create the refractive index variations inside the nucleus, small cubes with refractive indices in the range nϮ⌬n were placed randomly throughout the ellipsoid. The purpose of using cubes as opposed to other three-dimensional structures was to simplify the algorithm for placing nonoverlapping heterogeneities within the FDTD grid. The size of the cubes was selected randomly from an interval. The lower size limit was 0.34 m, which corresponded to the resolution of the nuclear images provided. The upper limit on the cube size was given by the size of the largest chromatin clump present.
FDTD Simulation Parameters
The FDTD simulations for cervical cell nuclei were performed at a wavelength of ϭ1064 nm. This wavelength was chosen so that the results would be applicable to imaging techniques such as confocal microscopy and OCT. The refrac- A total of eighteen simulations were carried out. Nine of these simulations were for normal nuclei and the other nine were for CIN 3 nuclei. The nuclear parameters were chosen so that for each diagnostic category there were three basal/ parabasal nuclei simulations, three intermediate nuclei simulations, and three superficial nuclei simulations. For each different simulation representing these six different categories, the simulation parameters were randomly selected from the acceptable ranges calculated through quantitative histopathologic analysis.
Results
Verification of the FDTD Code
To verify the implemented FDTD code, we computed the farfield scattering patterns of homogeneous spheres and compared the results with Mie theory. Figure 3 shows the scattering patterns of two homogeneous spheres for an incident plane wave with a wavelength of ϭ1 m. The spheres have a refractive index of 1.02 relative to the outside medium, and the diameters are 5 and 10 m. These parameters were specifically chosen to create an approximate model for the biologically relevant case with a nucleus embedded in cytoplasm. The FDTD grid spacing used in these simulations was /20. Figure 3 also shows the scattering patterns obtained using a boundary condition based on the Liao extrapolation, for a grid spacing of /20. The scattering patterns shown were first averaged over the azimuthal angle so that they were functions of the scattering angle only. All results are normalized to the scattered intensity at 0 deg, and the angular resolution for the scattering angle is 1 deg. Figures 3͑a͒ and 3͑c͒ show that the results obtained with Liao extrapolation do not agree with Mie theory for angles greater than 160 deg. The FDTD results with Liao extrapolation overestimate scattering at high angles, and the discrepancy can be up to three orders of magnitude, as shown in Fig.  3͑c͒ . The scattering patterns obtained with PML, on the other hand, demonstrate excellent agreement with Mie theory at all angles for both of the spheres. The PML results are superior to results obtained with Liao extrapolation, showing that the PML boundary condition is more effective in reducing artificial reflections to negligible levels. The maximum deviation from Mie theory for angles greater than 160 deg occurs at 180 deg for the 10-m sphere, and this deviation is about 25%. Table 1 shows the average and the standard deviation of parameters that describe nuclear morphology. As Table 1 shows, nuclear area, mean radius, maximum radius, and eccentricity all increase with dysplasia. In most cases, the relative standard deviation values of CIN 3 parameters are greater, indicating nuclear pleomorphism, a well-known characteristic of dysplasia. Table 2 shows the computed averages for the mean refractive index n, the largest chromatin clump size, and the corresponding minimum spatial frequency. The range given for the magnitude of the refractive index fluctuations, ⌬n, corresponds to the extreme intensity variations in a specific layer. Table 2 demonstrates that n increases for CIN 3 nuclei, indicating elevated DNA content. The refractive index fluctuations ⌬n are also higher, corresponding to increased heterogeneity. Larger chromatin clumps associated with CIN 3 are also evidenced in Table 2 . Figure 4 shows the scattering patterns obtained from the basal/parabasal nuclei simulations ͓Fig. 4͑a͔͒, the intermediate nuclei simulations ͓Fig. 4͑b͔͒, and the superficial nuclei simulations ͓Fig. 4͑c͔͒. All of the scattering patterns were averaged over the azimuthal angle so that they were functions of the scattering angle only. The light-colored curves in Fig. 4 represent the results for the normal nuclei, and the darker curves represent the results for the CIN 3 nuclei. The angular resolution for the scattering angle is 1 deg, and the scattered intensity is given in arbitrary units. Figure 4 shows that for basal/parabasal and superficial cell nuclei, the intensity of scattered light is higher for CIN 3 nuclei for all scattering angles. For intermediate cell nuclei, however, the intensity is higher for CIN 3 nuclei for up to about 175 deg, but for angles very close to 180 deg, the intensity of light scattered from normal nuclei is usually higher. The figure also demonstrates that the variation in the scattering patterns of nuclei belonging to the same diagnostic category is generally greater for normal nuclei, although the standard deviations in the simulation parameters are greater for CIN 3 nuclei. This can be attributed to the fact that CIN 3 nuclei are larger in size, have higher refractive indices, and are more heterogeneous. Therefore, the intensity maxima and minima in their scattering patterns are not very pronounced, resulting in relatively less varied intensity distributions. Figure 5 shows the scattering patterns averaged over three different simulation results. The most significant differences between normal and CIN 3 nuclei are for the intermediate layer, whereas the superficial layer has the smallest differences in intensity.
Quantitative Histopathology Results
FDTD Simulation Results
Scattering patterns
Scattering phase functions
A scattering phase function is obtained by normalizing the scattering pattern so that its integral over the solid angle equals 1. Figure 6 shows the phase functions corresponding to the scattering patterns in Fig. 5 .
As Fig. 6 demonstrates, the overall shapes of the phase functions are very similar for small angles, but differences start to appear after about 120 deg. This is especially true for the intermediate and superficial cell nuclei. For angles greater than 120 deg, scattering from a normal intermediate nucleus is more probable than scattering from a CIN 3 intermediate nucleus. For angles greater than 150 deg, the scattering probability for a CIN 3 superficial nucleus exceeds the scattering probability for a normal CIN 3 nucleus.
Calculation of scattering cross-sections
The scattering cross-sections have been calculated for all the nuclei simulated. Figure 7 shows the computed averages of the scattering cross-section values for normal and CIN 3 nu- 
Integration of scattering patterns over high angles
To assess the differences in scattered light collected in optical imaging techniques, such as in confocal microscopy, the scattering patterns can be integrated over high angles to estimate the overall changes in collected light intensity. Assuming a numerical aperture of about 0.8 for the collection optics, the region of interest in the scattering patterns of Fig. 4 is the angular range 140 to 180 deg. Figure 8 compares the scattering intensities integrated over this range. The elevation of integrated intensity for CIN 3 nuclei is evident in Fig. 8 . This elevation is about an order of magnitude for the basal/ parabasal and intermediate layers, whereas it is relatively smaller for the superficial layer.
Discussion
Results from FDTD simulations show that there are significant differences in the scattering properties of normal and CIN 3 cervical cell nuclei. The results also validate the importance of treating cell nuclei at different epithelial depths separately since scattering properties vary from layer to layer, especially in normal epithelium.
In this work, quantitative histopathology proved to be a suitable way to define nuclear morphology and dielectric structure specific to each different epithelial layer, and also to quantify dysplastic changes in nuclei. This provided realistic input for FDTD modeling. It is important to note, however, that the calculation of refractive index values presented in Table 2 did not consider any possible effect of acetic acid applied to the cervical tissue before biopsy removal. Acetic acid can alter the refractive index profile of nuclei, and assessment of its effect is a current research topic.
The scattering patterns in Fig. 5 indicate that changes associated with dysplasia generally lead to increased scattering. The increase in scattered intensity for CIN 3 nuclei at small scattering angles is due to an increase in nuclear size. Highangle scattering is sensitive to the nuclear refractive index profile. Since CIN 3 nuclei are more heterogeneous, an increase in scattered intensity at high angles is also expected. Figure 5 shows that basal/parabasal and superficial nuclei follow this trend. Intermediate nuclei also follow this trend up to about 175 deg, but the backscattered light intensity for CIN 3 nuclei drops to below that of normal nuclei. A possible reason for this behavior is that the mean refractive index for normal intermediate nuclei is very close to that of cytoplasm, as shown in Table 2 . Therefore, any heterogeneities introduced into the nucleus can lead to a dramatic increase in backscattered light. This is also evident in Fig. 5 , which shows that the averaged scattering pattern for normal intermediate nuclei has the most prominent peak at 180 deg.
The phase functions in Fig. 6 indicate that the greatest differences in the scattering probabilities of normal and CIN 3 nuclei tend to occur for high angles. Since high-angle scattering from nuclei is expected to be more sensitive to internal structure rather than the overall size and the mean refractive index, the enhancement of differences for high-angle scattering probabilities is a significant result in terms of the possibility of probing the chromatin texture and organization of nuclei in different diagnostic categories. Figure 7 shows that the nuclei in the intermediate layer have the smallest scattering cross-section and that basal/ parabasal layer cross-section is greater than that of the intermediate layer. This scattering trend has been observed in confocal images of cervical tissue. As an illustration, Fig. 9 shows confocal images of ͑a͒ basal/parabasal ͑300 m below the surface͒, ͑b͒ intermediate ͑150 m below the surface͒, and ͑c͒ superficial layers ͑50 m below the surface͒ of ex vivo normal cervical epithelium. The measured lateral and axial resolution of the confocal system used is 0.8 and 2 to 3 m, respectively. 6 The nuclei observed in the images show that scattering decreases in going from the superficial layer to the intermediate layer, but then increases in the basal/parabasal layer. Note that the confocal system operates at a wavelength of 810 nm and that the images have been acquired after the application of acetic acid, 6 but scattering from nuclei follows the general trend observed in Fig. 7 . The confocal images can be interpreted more appropriately by considering the integrated intensity values of Fig. 8 , since confocal microscopy basically provides a map of integrated high-angle scattering from nuclei. Figure 10 compares the gray-scale values obtained from confocal images with the integrated scattering intensities shown in Fig. 8 . The gray-scale values given for each layer have been calculated by recording pixel intensities ͑0 to 255͒ from ten different locations representing nuclear areas on the images. The standard deviations of these pixel intensities are also shown. The figure demonstrates good correlation between a change in pixel intensities from one layer to another and the corresponding change in integrated scattering intensities.
An overall increase in scattering from dysplastic cell nuclei is seen in the calculated cross-section values, whereas Fig. 8 specifically shows the elevation of high-angle scattering. Increased high-angle scattering from tumorigenic cells has been previously reported by Mourant et al., 16, 41 who carried out angle-dependent light-scattering measurements on tumorigenic and nontumorigenic rat embryo fibroblasts. Also, an increase in backscattered light intensity has been noted in a study by Pan et al. 42 involving the use of OCT imaging for detection of tumorigenesis in rat bladders. Finally, confocal images of cervical biopsies presented in papers by Collier et al. 6 and Drezek et al. 40 also showed elevated scattering from dysplastic cell nuclei, which is consistent with the FDTD modeling results.
Conclusions
In summary, the FDTD method provides a flexible approach to simulating light scattering from complex objects of any dielectric shape. Therefore, the method is a promising tool for further investigating and understanding the relationship between the morphological and biochemical structure of cells and light scattering. Such an understanding can provide a guide for the design of scattering-based optical instruments with better diagnostic capabilities.
